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SPATIOTEMPORAL RESPONSE OF CVOC CONTAMINATION AND 
REMEDIAL ACTIONS IN EOGENETIC KARST AQUIFERS
Abstract
The northern karst region of Puerto Rico has a long and 
extensive history of toxic spills, chemical waste, and in-
dustrial solvent release into the subsurface. High poten-
tial for exposure in the region has prompted aggressive 
remediation measures, which have extended for over 40 
years. Of particular concern is contamination with chlo-
rinated volatile organic compounds (CVOCs) because of 
their ubiquitous presence and potential health impacts. 
This work evaluates historical groundwater quality data 
to assess the spatiotemporal distribution of CVOC con-
tamination in the karst aquifer system of northern Puerto 
Rico, and its response to remedial action in two super-
fund sites contaminated with CVOCs. Historical data 
collected from different information sources with differ-
ent monitoring objectives is evaluated spatially and tem-
porally using Geographic Information System (GIS) and 
statistical analysis. The analysis shows a significant ex-
tent of contamination that comes from multiple sources 
and spreads beyond the demarked sources of pollution. 
CVOCs are detected in 65% of all samples and 78% of 
all sampled wells. Groundwater shows continued level 
of contamination over long periods of time, demonstrat-
ing a strong capacity of the karst groundwater system to 
store and slowly release contamination. Trichloroethene 
and Tetrachloroethene are the most frequently found, 
although other CVOCs (e.g., Trichloromethane, Dichlo-
romethane, Carbon Tetrachloride) are detected as well. 
The spatial and temporal distributions of CVOCs seem 
to be highly dependent upon the monitoring scheme and 
objectives, indicating that the data does not adequately 
capture the contamination plumes. Targeted remedial ac-
tion using pump and treat (air stripping) and soil vapor 
extraction in two superfund sites has reduced concentra-
tions over time, but the spatial and temporal extent of the 
contamination reflect inability to completely capture the 
heterogeneous plumes.
Introduction and Background
The northern karst region (Figure 1) contains two of the 
most extensive and productive freshwater aquifers in 
Puerto Rico (Lugo et al., 2001). These aquifers promote 
industrial, agricultural, and population growth (PRD-
NER, 2008), and contribute to the ecological integrity 
of the rivers, springs, wetlands, and estuaries (Padilla et 
al., 2011).
The northern karst aquifer system comprises three ma-
jor hydrogeological units (Figure 1): the upper aquifer, 
which is mainly composed of the Aymamon and Aguada 
Limestone Members; the lower aquifer, which is formed 
by the Lares and Montebello Limestone Members; and 
a confining unit that separates the upper and lower aqui-
fer, which is comprised by the Cibao formation. (Renken 
et al., 2002). The upper aquifer is unconfined and also 
linked to the surface throughout most of its outcrop area. 
The lower aquifer is confined toward the coastal zone 
and outcrops to the south of the shallow aquifer, where it 
is recharged. The outcrop extents are much more vulner-
able to contamination due to direct interaction with the 
surface.
The karst aquifers of northern Puerto Rico have devel-
oped in carbonate rocks that have not undergone deep 
burial and are under active meteoritic diagenesis, thus 
considered eogenetic aquifers (Vacher and Mylroie, 
2002). In addition to well-developed conduit networks, 
these aquifers have high primary porosity and perme-
ability and significant flow components through the rock 
matrix. As a result, both conduit and matrix flow con-
tribute flow in these aquifers. These flow characteristics 
allow for extensive water production from the aquifers 
and make the systems highly vulnerable to pollution 
(Göppert and Goldscheider, 2008).  The highly het-
erogeneous distribution of flow characteristics in karst 
systems also imparts an enormous capacity to store and 
convey contaminants from sources to potential expo-
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sures zones.  Consequently, karst aquifers may serve as 
an important route for long-term contaminant exposure 
to humans and wildlife.  
The northern karst region of Puerto Rico has had a long 
and extensive history of toxic spills, chemical waste, and 
industrial solvent release into the subsurface (Padilla et 
al., 2011; Hunter and Arbona, 1995; Zack et al., 1987). 
Liquid-waste was also injected into the confined aquifer 
system prior to the 1970s (Zack et al., 1987). After 40 
years of high potential exposure and remediation mea-
sures, pollution persists. Since 1983, twelve superfund 
sites, which comprise 55% of all superfund sites on the 
island and 13 Corrective Action (RCRA CA) sites have 
been included in the study area (Figure 1). Several types 
of contaminants have been detected at superfund sites in 
Puerto Rico, including: chlorinated volatile organic com-
pounds (CVOCs), pesticides, heavy metals, and contam-
inants of emerging interest, such as pharmaceuticals and 
phthalates. Of particular concern are the CVOCs due to 
their ubiquitous presence in the environment, potential 
for exposure, and health impacts. CVOCs are present in 
58% of superfund sites in the study area, and include: 
Trichloroethene (TCE), Tetrachloroethene (PCE), Chlo-
roform (Trichloromethane, TCM), Carbon tetrachloride 
(CCl4), Methylene Chloride (DCM), 1,1-Dichloroeth-
ane (1,1-DCA), 1,1-Dichloroethylene (1,1-DCE), and 
1,2-Cis-dichloroethylene (cis 1,2-DCE). These pollut-
ants are commonly used as industrial solvents, degreas-
ers, and paint removers; and have been known to cause 
cancer and reproductive problems (ATSDR, 2011). 
This work evaluates historical groundwater quality data 
to assess the spatiotemporal distribution of CVOC con-
tamination in the karst aquifer system of northern Puerto 
Rico (Figure 1) and its response to remedial action in 
two superfund sites: The Upjohn Company (UJ) and 
Vega Alta Public Supply Wells (VA-PSWs). Historical 
data collected from different information sources was 
evaluated spatially and temporally using GIS and statis-
tical analysis.
In 1982, the Upjohn Company reported a 57.92m3 ac-
cidental spill of CCl4 from an underground storage tank 
(USEPA, 1984). Shortly after the incident, the company 
installed monitoring wells in the surroundings, estab-
lished recovery well for CCl4 extraction, and provided an 
alternative water supply to the population. The UJ facil-
ity was listed in the Superfund sites in 1984. In 1985, the 
tank farm area was covered with fiber glass-reinforced 
concrete to contain the contamination and prevent the in-
filtration into the subsurface.  A total of 45.42 m3 (78.4% 
of total reported volume) of CCl4 had been removed by 
Figure 1. Hydrogeology of Puerto Rico and associated superfund, RCRA CA, and landfill sites 
(Irizarry, 2014; Torres, 2013).
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1985 using 19 vacuum extraction wells in the soil and a 
groundwater extraction well installed down gradient of 
the spill area  (USEPA, 1988). The company ceased CCl4 
use and applied a pump and treat technology with air 
stripping water treatment (1988). Recent 5-year evalu-
ations and review reports suggest that potential human 
exposure is under control (USEPA, 2014).
 
In 1983, the United States Geological Survey (USGS) 
reported TCE and PCE contamination (Guzmàn and 
Quiñones, 1984) in the Puerto Rico Aqueduct and Sewer 
Authority (PRASA) wells of the Vega Alta region. Al-
though the time of contaminant release is unknown, it 
is suspected that contamination had been present for a 
long time. The VA-PSWs site was listed in 1984 in the 
Superfund program, and an air stripper was immediately 
installed in one of the PRASA wells, which operated 
only until 1985 due to technical problems. In 1987, EPA 
selected the following actions: closure of private wells 
within the contaminated area; investigation of contami-
nation sources; water softening pretreatment of PRASA 
wells; and installation and operation of 4 air strippers. 
The treated effluent was to be discharged to the PRASA 
distribution system for public use and to Honda creek. 
The groundwater treatment started in 1994, but due to 
changes in pumping conditions the plume of the contam-
ination was no longer captured by the treatment wells 
and the EPA required the installation of extraction wells 
for treatment in a new location. Remedial actions, in-
cluding pump and treat and soil vapor extraction (SVE) 
in the source, began operations in 2002 (almost 20 years 
after pollution was reported). Since December 2002, ap-
proximately 75,708 m3 of water has been treated each 
month (USEPA, 2014).  
Data Collection and Analysis
Historical and spatial groundwater quality data were 
compiled to assess the CVOC contamination in the karst 
aquifers of northern Puerto Rico. The study area (Fig-
ure 1) extended from the municipalities of Toa Baja and 
Toa Alta on the east to the Municipality of Arecibo on 
the west. Water quality data included temporal CVOC 
concentrations spanning from 1982 through 2013 in the 
study area. Historical data was collected from different 
information sources with different scope and monitoring 
objectives. Water quality, site information, and site loca-
tion were collected from: Steele (2011), U.S. Geological 
Survey data base (USGS, 2008) and reports (Guzman, 
et al., 1986; Guzmán and Quiñones, 1984; Guzmán and 
Quiñones 1985; Sepulveda, 1999; Conde and Rodríguez, 
1997), EPA data base (USEPA, 2008), Caribbean Envi-
ronmental Protection Agency (CEPA) local office, Puerto 
Rico Environmental Quality Board (PREQB) (PREQB, 
2011), University of Puerto Rico at Mayaguez (UPRM), 
and Puerto Rico Department of Health (PRDoH). Data 
from EPA included water quality results from super-
funds and RCRA CA sites in the study area (Figure 1). 
The PRDoH data included water quality for PRASA and 
NON-PRASA drinking water systems. PRASA data in-
cluded water quality for point water sources in the dis-
tribution system, and was collected quarterly for com-
pliance with drinking water regulations. NON-PRASA 
drinking water systems have been defined as those that 
are not supplied by PRASA and contain more than 25 
people and 5 connections; most of this data came from 
industries. Data from the PREQB included water qual-
ity measurements from their monitoring stations (Steele, 
2011), but they only had a few monitoring wells within 
the study area and the records were for a brief period 
of time. The PREQB, superfund division provided some 
special monitoring events of Scorpio Recycling and lim-
ited amount of data from Pesticide Warehouse I. Since 
2011, the UPRM has been collecting current groundwa-
ter samples from 17 wells in the study area twice a year. 
The samples have been analyzed for target contami-
nants and the results have been entered into a database. 
Once collected, data is classified and categorized into 
data characteristics representing categories and indices 
used to describe historical distribution of contaminants 
in the area of study. Characteristic parameters include: 
aquifer system (lower, upper), contaminant presence (or 
absence) and concentration ranges, contaminant types 
(e.g., chlorinated hydrocarbons, phthalates), detection 
limits, and information source (e.g., UPRM, USGS, 
EPA, Reports).
Spatial analysis was performed using GIS technolo-
gies (ArcGIS 10.1; ESRI 2012). Spatial distributions of 
CVOCs were analyzed as average detected concentra-
tions over a period of time for the unconfined karst aqui-
fer system of northern Puerto Rico. Although contamina-
tion has been detected in the confined aquifer, this work 
focuses on the unconfined system because of its direct 
connection to the surface. Average concentration distri-
butions were developed for individual species and total 
CVOCs, defined herein as the sum of TCE, PCE, CCl4, 
TCM, and DCM average concentrations. These species 
are among the five major CVOCs found in the northern 
karst region. Isotropic interpolation of concentrations 
using the Inverse Distance Weighed (IDW) method pro-
duced raster spatial distributions of the contaminants. 
The interpolation method did not, however, take into 
account groundwater flow direction. Basic statistical 
analysis was performed to obtain contaminant detection 
frequencies for groundwater samples and groundwater 
sites in reference to the total number. Groundwater sites 
refer to sampling sites (wells/springs). Because many 
groundwater sites have multiple temporal measure-
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ments, the number of groundwater samples is greater 
than the number of sites. Differences in their basic sta-
tistical characteristics reflect on the detection variability 
within each site.
Results and Discussion
Analysis of the data indicates widespread presence of 
CVOC contamination in the study area (Figure 2) dur-
ing the 31-year period between 1982 and 2013 (Figure 
3). Temporal distributions data (Figure 3a) shows a high 
percentage of detection over the period of analysis, with 
90% of samples surpassing 50% detection on a yearly ba-
sis. Similar temporal trends are observed for detection in 
groundwater sites, except with higher detection frequen-
cies than groundwater samples. Over the entire period of 
analysis, CVOCs were detected in 65% of all groundwa-
ter samples (Figure 3. Total numbers of CVOCs samples 
and detections per year (a) (Irizarry, 2014) and overall 
percent detection of CVOC by number of samples (b) 
and wells (c) for the period of analysis.b) and 78% of all 
sampled groundwater sites (Figure 3c). Lower detection 
frequencies of groundwater samples over groundwater 
sites reflect temporal detection variability at sampling 
sites and indicate that some sites had both detection and 
no-detection of contaminants. This behavior is indica-
tive of dynamic fate and transport processes that affect 
the rate at which contaminants reach potential exposures 
points.   
The most prevalent CVOCs in the study area is TCE 
(52.5%), followed by PCE (39.0%), 1,1-DCE (30.4%), 
cis1,2-DCE (30.2%), CCl4 (26%), TCM (22%), 1,1-
DCA (15.3%), and DCM (9%). The detection distribu-
tion among the different CVOCs is generally associated 
with major sources of contamination, although data anal-
ysis suggests other potential sources of CVOC contami-
nation. Some CVOCs may also be formed by degrada-
tion (e.g., DCE, TCM, DCM) or disinfection processes 
(e.g., disinfection-by-products, DBPs, such as TCM). 
The highest CVOC concentration is for CCl4, followed 
by TCE, 1,1-DCE, TCM, DCM, and PCE. TCE shows 
higher number and percentage of samples above MCL, 
followed by CCl4, PCE, 1,1-DCE and DCM. 
CVOC Spatiotemporal Distribution 
Spatial distributions of TCE, CCl4, TCM, and total 
CVOCs over the entire period of analysis (1982-2013) 
show widespread contamination of CVOCs in the study 
area that extend beyond known sources of contamina-
tion (Figure 2). Although generally detected over the 
entire area of study, high percent detection and concen-
trations of TCE (Figure 2a) are associated with the VA-
PWS superfund site, whereas those for CCl4 (Figure 2b) 
are associated with the UJ site. Presence of CVOCs in 
other areas indicates other potential sources of CVOC 
contamination, including the formation of degradation 
and disinfection by-products. The spatial concentration 
Figure 2. Spatial Concentration Distribution for TCE (a), CCl4 (b), TCM (c) and total CVOCs (d). 
(Irizarry, 2014).
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distribution of TCM (Figure 2c) shows that this contam-
inant is found widely distributed throughout the study 
area. The highest TCM concentrations are found near 
the UJ site and near the Naval Security superfund site 
in the Toa Baja area. These high concentrations are most 
likely associated with the CCl4 contamination, either as 
an additional source or as a degradation by-product of 
CCl4. The widespread presence of TCM may also be at-
tributed to other potential sources of contamination, as 
well as its formation as a disinfection by-product. Spa-
tial concentration distributions of total CVOCs (Figure 
2d) show widespread contamination of CVOCs over the 
study area.
Temporal concentration distributions of TCE in a well 
near the VA-PSW superfund site (Figure 4) and CCl4 in a 
well near the UJ site (Figure 5) show an overall decreas-
ing trend. The decrease is mostly associated with active 
remediation activities of the major superfund sites, but is 
also due to degradation processes. Degradation of TCE 
and CCl4 is reflected in the increasing concentrations of 
their degradation by-products, DCE (Figure 4) and TCM 
(Figure 2c) near the VA PWS and UJ superfund sites, 
respectively.  It is important to note that, even under ac-
tive remediation, concentrations have not reached regu-
latory levels and a significant number of samples still 
have concentrations above the maximum contaminant 
level (MCL).
Spatiotemporal data of total CVOC concentrations show 
widespread CVOC distributions that vary in space and 
time (Figure 6). The variability of CVOC spatiotemporal 
distributions is attribute to: (1) changes in contamination 
input sources; (2) dynamic fate and transport processes; 
Figure 3. Total numbers of CVOCs samples and detections per year (a) (Irizarry, 2014) and overall 
percent detection of CVOC by number of samples (b) and wells (c) for the period of analysis.
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(3) variation in remedial and monitoring schemes; (4) 
differences in spatial and temporal data resolution; and 
(5) changes in groundwater use. Changes in contaminant 
input result from addition or removal of contaminated 
sites. Fate and transport processes (e.g., advection, dis-
persion, sorption, degradation, mass transfer) affect the 
mobility and persistence of the contaminants. In karst 
systems, these processes are influenced by the mode of 
transport (i.e., conduit vs. diffusive flow) and by the het-
erogeneities of the systems. As a result, fate and trans-
port processes are also influenced by time-dependent 
Figure 4. Temporal distribution of TCE and DCE 
concentrations in a Vega Alta well.
Figure 5. Temporal distribution of CCl4 concen-
trations in an Upjohn well (Irizarry, 2014). 
hydrogeological conditions. Changes in water extraction 
practices driven by hydrological and water quality con-
ditions further accentuate the variability in spatiotempo-
ral concentration distributions. The effect of monitoring 
scheme and data resolution (density) variations on the 
apparent spatiotemporal concentration distribution can 
be observed when comparing spatial concentrations 
distributions for different years. Total CVOC concentra-
tion distributions for 1990 (Figure 6b) appear to be of 
lower extent and concentration ranges than that for 1984 
(Figure 6a), suggesting a decrease in the contamination 
Figure 6. Spatial Distributions of Total CVOC Concentrations for 1984 (a), 1990 (b), 1996 (c), 2000 
(d), and 2009 (e)( Irizarry, 2014).
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plume. Comparison of the 1990 distributions with 1996 
and 2000 (Figure 6c and 6d), however, show a stronger 
and much widespread contamination at a later time. The 
apparent increase is not caused by higher contamination, 
but by an increase in the amount of spatial data available 
for the analysis from the period between 1993 and 2000, 
which showed the greatest amount of data collected 
(Figure 3a). Changes in monitoring well locations also 
captured higher concentrations near the VA-PWS super-
fund site that were previously unnoticed.  The smaller 
extension of the contamination in 2009 (Figure 6e) is 
not only attributed to decreasing concentrations due to 
natural attenuation and remediation, but also to the lower 
amount of data resolution available. This data shows that 
the difficulty in defining concentration distribution pat-
terns in karst region result from, not only the complex 
processes influencing the mobility and persistence of 
contaminant, but also the observation and management 
schemes of the contaminated sites.
Response to Remedial Action
The response of eogenetic karst aquifers to remedial ac-
tions is evaluated with respect to two superfund sites in 
northern Puerto Rico: the UJ and VAPSW superfund 
sites. These sites, although not representative of all sites 
in eogenetic karst systems, have been subjected to ex-
tensive temporal and spatial contamination, and provide 
valuable information regarding factors influencing the 
distribution and cleanup of contamination. Spatial con-
centration distribution of TCE (Figure 2a), CCl4 (Figure 
2b), and Total CVOCs (Figure 2d and 6) show that the 
contamination extended beyond demarked superfund 
sites. Extensive spatial contamination is attributed to 
rapid transport through conduit networks of heteroge-
neous character, and to the lack of rapid response to 
characterize, monitor, and remediate the sites.  This can 
be seen when comparing CVOC concentration distribu-
tions associated with the VA-PWS and UJ superfund 
sites. Both sites show contamination extending kilome-
ters beyond the delineated superfund sites, long tempo-
ral tailing distributions, and high capacity to store and 
slowly release contamination over long periods of time. 
Long tailing is associated with mass transfer limitations 
and heterogeneous distribution of variable-capacity 
transport regions and storage compartments for contami-
nants in the eogenetic karst system. The TCE concentra-
tion distribution (Figure 2a) related with the VA-PWS 
site, however, shows a more extensive contamination 
area than that of CCl4 (Figure 2b) associated with the UJ 
superfund site. Although contamination in both of these 
sites was reported at about the same time (1982-1983), 
it is suspected that contamination in the VA-PWS site 
occurred long before it was reported. Monitoring and 
remediation efforts in this site were implemented long 
after the contamination occurred. Poor characterization 
and monitoring efforts, in conjunction with the hydro-
geological complexity of the VA-PWS site, resulted in 
transport areas of unknown concentrations. Some of 
these areas were discovered at later stages of the reme-
dial action implementation.  Rapid response to contami-
nation events in the UJ site, on the other hand, incited 
prompt implementation of site characterization, moni-
toring, and remediation activities. As a result, the areal 
extent of the UJ-related contamination was smaller than 
of the VA-PWS. The rapid response in the UJ site also 
resulted in a faster decrease of CVOC initial concentra-
tions than in the VA-PWS site, at which concentrations 
are still at concerning levels (Figure 4 and 5). Compar-
ative analysis of remedial response actions for the UJ 
and VA-PWS superfund sites indicate the importance 
of proper site characterization and design of monitoring 
scheme, particularly for complex sites, such as those in 
karst systems. 
Conclusions
Analysis of the historical contamination data in the 
northern karst groundwater system shows a significant 
extent of contamination that comes from multiple sourc-
es and extends beyond the demarked sources of contami-
nation. Groundwater quality data shows sustained level 
of contamination over long periods of time, suggesting 
that the complexity and the heterogeneity of the karst 
give the system a strong capacity to store and slowly re-
lease contamination. Spatial and temporal distributions 
of CVOCs show to be highly dependent upon the site 
characterization, monitoring scheme and objectives, in-
dicating that the data does not adequately capture the 
contamination plumes. Although the selected remedial 
action (pump and treat combined with air stripping and 
soil vapor extraction) in two superfund sites has reduced 
concentrations over time, the spatial and temporal ex-
tent of the contamination reflect inability to completely 
capture the heterogeneous plumes in the complex karst 
system. The comparison and contrast of the initial re-
sponse time in two superfunds shows the early response 
of remediation results in a rapid reduction of the con-
taminants concentration and more control in the extent 
of the contamination plume.
Acknowledgements
Puerto Rico Testsite for Exploring Contamination 
Threats (PRoTECT) program is supported by Award 
Number P42ES017198 from the National Institute of 
Environmental Health Sciences. The content is solely 
the responsibility of the authors and does not necessarily 
represent the official views of the National Institute of 
Environmental Health Sciences or the National Institutes 
of Health.
344 NCKRI SYMPOSIUM 5    14TH SINKHOLE CONFERENCE
References
Agency for Toxic Substances and Disease Registry 
(ATSDR). 2011. Toxic Substances Portal. [Atlanta, 
GA 30341]; [updated 2011 Mar 3; cited 2015 
Feb15]. Available from: http://www.atsdr.cdc.gov/
substances/indexAZ.asp
Department of Natural and Environmental Resources 
(DNER): Plan Integral de Recursos de Aguas de 
Puerto Rico, Capítulo 5: Balance de Disponibilidad 
Regional [Internet]. 2008. Department of Natural 
and Environmental Resources; [cited 2015 Feb 
15]. Available from:  http://www.drna.gobierno.pr/
oficinas/arn/agua/negociadoagua/planagua/plan-
integral-de-recursos-de-agua-de-puerto-rico
Göppert N, Goldscheider N. 2008. Solute and colloid 
transport in karst conduits under low- and high-
flow conditions. Ground Water 46 (1): 61-68.
Guzmán S, Quiñones F. 1984. Ground-water quality at 
selected sites throughout Puerto Rico, September 
1982-July 1983. US Geological Survey Open File-
Data Report 84-058.
Guzmán S, Quiñones F. 1985. Reconnaissance of trace-
organic compounds in ground water throughout 
Puerto Rico, October 1983. US Geological Survey 
Open File Data Report 84-810.
Guzmán S, García, R, Ada A. 1986. Reconnaissance of 
volatile synthetic organic chemicals in public water 
supply wells throughout Puerto Rico, November 
1984 - May 1985. US Geological Survey, Open 
File-Data Report 86-63.
Hunter J, Arbona S. 1995. Paradise lost: an introduction 
to the geography of water pollution in Puerto Rico. 
Social Science and Medicine 40 (10): 1331-1355.
Irizarry, C. 2014. Historical assessment of chlorinated 
volatile organic compounds (CVOCs) and 
phthalates contamination in the northern karst 
aquifer of Puerto Rico using GIS. Master’s 
Graduate Project. Puerto Rico: University of Puerto 
Rico, Mayaguez Campus. 
Lugo AE, Castro L, Vale A, López T, Prieto E, Martino 
A, Rolón A, Tossas A, McFarlane D, Miller T, 
Rodríguez A, Lundberg J, Thomlinson J, Colón 
J, Schellekens J, Ramos O, and Helmer E. 
2001. Puerto Rican karst–a vital resource. U.S. 
Department of Agriculture Forest Service Gen.
Tech. Report WO-65.
Padilla I, Irizarry C, Steele K. 2011. Historical 
contamination of groundwater resources in the 
north coast karst aquifers of Puerto Rico. Puerto 
Rico. Journal Dimension 3: 7-12.
Puerto Rico Environmental Quality Board (PREQB). 
2011. Summary of CVOCs Sampling Results of 
Selected Sites, written communication.
Renken RA, Ward WC, Gill IP, Gómez F, Rodríguez 
J, and Others. 2002. US Geological Survey 
Professional Paper 1419: Geology and 
hydrogeology of the Caribbean Islands aquifer 
system of the commonwealth of Puerto Rico and 
the U.S. Virgin Islands. [Internet]. US Geological 
Survey; [cited 2015 Feb 14]. Available from: http://
pubs.usgs.gov/pp/pp1419/pdf/BOOK.PDF
Sepúlveda N. 1999. Ground-water flow, solute transport 
and simulation of remedial alternatives for the 
water-table aquifer in Vega Alta, Puerto Rico. US 
Geological Survey, Water Resources Investigations 
Report 97-4170.
Steele, K. 2011. Assessment of potential exposure 
pathways in karst groundwater systems in northern 
Puerto Rico using GIS. Master’s Graduate Project. 
Puerto Rico: University of Puerto Rico, Mayaguez. 
Torres N, Padilla I,  Mudarra M,  Cordero J,  Meeker 
J. 2013. Assessment of changes in potential 
contamination exposure in a karst aquifer using 
GIS and temporal analysis. Abstract RP084, 
SETAC North America 34th Annual Meeting, 
Nashville, TN. 
US Environmental Protection Agency: STORET 
Database. [Internet]. 2008. [cited 2015 Feb 15]. 
Available from: http://www.epa.gov/storet/dbtop.
html, Last Accessed on August 2010.
US Environmental Protection Agency: Narrative 
for Upjohn Facility Barceloneta, Puerto Rico 
[Internet]. 1984. NPL Site: US Environmental 
Protection Agency; [cited 2015 Feb 15]. Available 
from: http://www.epa.gov/superfund/sites/npl/
nar245.htm
US Environmental Protection Agency. 1988. EPA 
Superfund Record of Decision: Upjohn Facility. 
EPA Id # PRD980301154
US Environmental Protection Agency: Upjohn Facility 
Barceloneta, Puerto Rico [Internet]. 2014. Region 
2 Superfund; [cited 2015 Feb 15]. Available from: 
http://www.epa.gov/region02/superfund/npl/
upjohn/
US Environmental Protection Agency: Vega Alta Public 
Supply Wells: Vega Alta [Internet]. 2014. PR. 
Region 2 Superfund; [cited 2015 Feb 15]. Available 
from: http://www.epa.gov/region02/superfund/npl/
vegaalta/
US Geological Survey: Water quality samples for Puerto 
Rico. [Internet] 2008. National Water Information 
System: US Geological Survey [cited 2010 August] 
Available from: http://nwis.waterdata.usgs.gov/pr/
nwis/qwdata
Vacher, H.L. and J.E. Mylroie. 2002. Eogenetic Karst 
from the perspective of an equivalent porous me-
dium. Carbonates and Evaporites 17 (2): 182-196.
 34514TH SINKHOLE CONFERENCE    NCKRI SYMPOSIUM 5
Zack A,  Rodriguez T,  Romas A. 1987. Puerto Rico 
Groundwater Quality. US Geological Survey Open 
File Report 87-0749.
346 NCKRI SYMPOSIUM 5    14TH SINKHOLE CONFERENCE
